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Heater area covered by vapor (m?)

Total heater area (m2)

Switch-over parameter (dimensionless)

Wave velocity at the interface (m/s)

Specific heat of the heater material (J/kg)

Heater diameter (m)

Equivalent diameter (m)

Prescribed functions of pressure

Gravitational constant (m/s2)

Heavyside step functicn

Convective heat-transfer coefficient (W/m2-K)

Latent heat of vaporization (J/kg)

Conductivity of the heater material (W/m-K)

Pressure (MPa)

Power generation rate (W/m:)

Surface heat flux (W/m2)

Heat flux at switch-over point [W/m2)

Steadv-state CHF in snturated pool boiling (W/m2)

Tr~nsient CHF (W/m2)

Heater radius (m)

Radial coordinate (m)

Total surface area of the heater (m2)

Temperature (K)

Time (s)

Time the transient surface heat flux roaches steady-state CHF (s)

Time the transient surface heat flux rcoches transient CHF (s)

Velocity (m/s)

Totitl volume of the heater (n\:”)

Vulunwtric growth rdtc UI d lmbhlc (m:’/s)
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Width of the flat ribbon heater (m)

Liquid layer thickness (m)

Critical liquid-layer thickness (m)

Critical liquid-layer thickness in saturated pool boiling at steady-

state CHF level (m)

Small time increment (s)

Interracial disturbance wavelength (m)

Helmholtz unstable wavelength (m)

Modified Taylor unstable wavelength (m)

The volumetric ratio of the accompanying liquid to the moving

bubble (dimensionless)

Ratio of transient CHF to steady-state CHF (dimensionless)

Surface tension (N/m)

Density (kg/m:{)

Exponential period (s)

Hovering period (s)

Saturated liquid

Saturated vapor

Initial value

Wall condition
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ABSTRACT

Understanding and predicting critical heat flux (CHF) behavior dur-

ing steady state and transient conditions is of fundamental interest in the

design. operation, and safety of boiling and two-phase flow devices. Pre-

sented within this paper are the results of a comprehensive theoretical

study specifically conducted to model transient CHF be$avior in saturated

pool boiling, Thermal energy conduction within a heating element and its

influence on the CHF are also discussed. rhe resultant theory provides

new insight into the basic physics of the CHF phenomenon and indicates

favorable agreement with the experimental data from cylindrical heatcls

with small radii. tiowever, the flat-ribbon heater data compared poorly

with the present theory, nl[hough the general trend was predicted Finally,

various facto!s that affect the discrepancy between the data and the theor,

are listed,
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1. INTRODUCTION

Boiling heat transfer with time-dependent heat input. as well as the prediction of the

critical heat flux (CHF) under such conditions, is of interest in several nuclear reactor safety

applications. One application in light-water nuclear reactor technology involves the reactivity

initiated accident (R IA). in which a sudden increase In power generation may occur. Therefore,

an accurate modeling of CHF is required to evaluate RIA scenarics Consequently, several

investigators [1–10] have concerned themselves with related studies.

Along with power-burst experiments to simulate an RIA within reac~or environments.

11-3] there have been several studies toward providing a fundamental understanding of the

CHF phenomenon [4-10]. Tachibana et a/. [4], Sakurai et a/ [5], and Kawamura et a/. [6]

studied the transient boiling experimentally using electrically heated flat-ribbon heaters. These

experiments were conducted under atmospheric pressure. The effect of subcooling on the

transient boiling is also investigated in the experlmerrts of Sakurai, er al [5] and Kawarnura

et al. [6], Sakurai et a/. [5] were able to empirically correlate their saturated and subcooled

boiling data as a function of the exponential period of the power transient. The transient pool

boiling with cylindrical horizontal wire of small radius has also been studied experimentally,

The studies of Sakurai and Shlotsu [7, 8] and Kuroda (as cited by Serizawa [9]) are such

examples, In the studies of Sakurai and Shiotsu [7, 8], saturated pool boiling at different

pressures, ranging from atmospheric to about 2 MPa, is investigated, An empirical correlation

for the transient CHF is also obtained [8] In addition, Kuroda (as cited by Serizawa [9]) also

obtained experimental CHF data in transient subcooled pool boiling. The experimental setup

of Kataoka et al [10] consisted of a vertical wire of small radius placed in a flow channel. It

WJS basically designed to study the transient boiling in forced convective conditions. However,

a set of data for n~tural convection boiling is also obtained. Serizawa [9] studied the transient

CHF theoretically. He was able to correlate the transient CHF data under various conditions

using a single CHF ~nodel, However, such a model does not include all the governing physics

of the problem, a~ld the final correlation requires extensive empiricism.

The present authors focused on th~oretically modeling CHF behavior during power tran-

sients in saturated and subcooled pool boiling and forced convective boiling. This paper con-

tains the first part of this study. which models the transient CHF in saturated pool boiling,

Theoretical models for subcooled pool boiling and forced convective boiling will be published

subsequently, The model of Haramura and Katto Ill] is used as the steady-state CHF model

in saturated pool boiling and is summarized in the following section. A transient CHF model

is developed in See, Ill Section IV discusses the effect of the transient conduction within

the heater on thv CHF model developed in the previous section. In Sec. V, the correlations

resulting from tttc present theory are compared with the transient CHF data available in the

ll~craturc Finally, SC(. VI summarizes and concludes the present paper,

11, CHF IN STEADY-STATE SATURATED POOI. BOILING

A thcorctic~ll prcdi(tlon of steady sttitc CHF in saturated pool boiling was first prcscntcrl

in the fo~lll(l,ltion work of Zuber 112], His i]tl;llysis, however, was subsequently qucstlonwl

I]()( Ausc of it~ limited nlocfcling of the governing physics [13], ZubeI’s n~odcl [12] suggests tllal

the (oil.lpsc of the Vi)porren~ovdl nlecl~ilnisln is solely responsible for CHF. In 1983, tlilrilll~{ll,)

atld K,ltto [1 1] prcs~’l~[cd wtla~ is p(,’rtl;~ps tllc most colllplctr formulatiorl of ~~turi]t(:tl steady

st,)t(’ pool boillt~g CHF This tllodel, I)il>cd 01) cxperillwnt, )l ol)~(’rvt]tlorls, is referf (’d to ,1~ ttlt’
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(a)

Fig. 1.
Boiling configuration at high heat fluxes over flat plates [11],

“multi step” model [14] (see Fig. 1 ), As shown in Fig, 1, high heat fluxes are postulated to

cover the surface by numerous bubbles. and the liquid supply to the liquid layer fronl .he bulk

is blocked. The only time the bulk liquid reaches the surface is when the bubbles depart, and

then the local initiation of a new bubble is almost instantaneous. The hcvwing period of the

bubble, T,,, may be estimated by solving the equation of motion of the idealized bubble [11],
The critical liquid-layer thickness is estimated II 1] to be a fraction between 0 and 0.5 of the

Helmholtz unstable wirvelength in the vapor stems underneath the Ilovering bubbles. This

fraction is assumed as 0,25 by Haramura and Katto [11]; thus,

4( ~= (1.25 A,,: f,(P);q~ . (1)

(2)

Haramura al~d Katto [11] postulate that CHF will occur if the heat flux is high enough

to evapotatc the cr; lical liquid layer 4,,,,, prior to the end of the hovering period. This is

mathemotictillv exprcsswl by the following equation:

~d q(’}1 F,,~,%’, ()( ) /ljA,..,,( I .4,. /A,,! )/lj!, . (3)

where A,, !A,, represents the ratio of the surl,lce area covered by vapor to the total heated

area.

In the following section. ii transient CHF moclcl is r,lcvelopecf based upon the steady state

rrioacl of Harntnuri] irrid Katto Ill]. Tlw fintll results of the general mathematical nlodcl ar~

oht;lirwd for cAlmt)cnti;ll illld Iillcilr power Irmlnsicllls

3



Ill. TRANSIENT CHF MODEL

Although the model of Haramura and Katto [13] was developed for steady-state condi-

tions, it is also useful in the understanding of the transient CHF. The correlation, given by

Eq. (3). is explicitly written in terms of a time constant for the CHF phenomenon, which

is the hovering period r(~, This suggests that once the steady-state CHF is applied to the

heater surface, dryout can be detected after a period of time. which is ~d. During transient

power conditions, the local heat flux increases during the hovering period, and the complete

evaporation of the liquid layer takes place sooner. By the time the surface is essentially dry,

the local heat flux reaches a value higher than at stead ystate. This transient heat flux is

referred tO as q<.t~p,~-~,

During the bubble-hovering period. no Ilquid is supplied to the liquid layer: thus, the rate

of thinning of the liquid layer is governed by one of two mechanisms: hydrodynamic instability

(which dictates the maximum thickness of the stable liquid layer for a given surface hsat flux)

or evaporation, This may mathematically be expressed as

(iq all);.’q,’J~(F’)” . (4)

A1/.4u,) . (5)

Previously, the thinning rate of the liquid layer was mistakenly postulated to be the sum of

the two mechanisms [15]. However, later considerations suggested the more accurate form

given by Eq. (4),

The first term on the right hand side ~RHS) of Eq. (4) corresponds to hydrodynamic

stability behavior and, for steady state conditions, is given by Eq, (2), If it is assumed that

the velocity in the v~por stems accelerates instantaneously to a value dictated by the surface

heat flux then Eq, (2) can likewise approximate the transient behavior, This assumption

is considered reasonable since the length of the vapor stems (the distance traveled by the

generated vapor before it reaches the bubble) is very small (on the order of 10 to 100 microns),

A numerical justification of this ass~nlption is given in Appendix B, The hypothesis formulated

by Eq, (4) is shown in Fig, 2. This figure shows that if the heat flux is kept constant at the

steady-stale CHF level, the liquid layer will evaporate at th: end of the hovering period ~(1,

But, because the heat flux increases with time, the rate of evaporation also increases, as

shown by the dotted lines. However, an increase in the heat flux also causes a decrease in the

thickness of tl~e stable liquid film. as shown by the solid line, The slope of the evaporation

line and critical liquid thickness Iirw determine the dominant mechanism, F;gure 2 shows

that between points .4 and IJ, the hydrodynamic instability is dominant, wllercas at point }1

the evaporation starts dominating until the complete ev~pcration of the liquid layer thickness,

Therefore, the liquid layer thickness follows the curve .411(’ rather than Af”, as suggester

by Serizawa [9],

The hypothesis illustrated In Fig 2 also rt’qllircs tllai the bubble remain on the surface

b~tween t, ti t,,~,~ and I, )1 /,’ll;, whictl llrcvcnts ,Iny liquid supply from the bulk dllring this

periocf To satisfy this condltloll, [Ilc l]ul~bl(’ n~,)s[ Il,lvc a hovering period greotcr th~tl the pe

riod Iron) A to ( ‘. By solvlrlg tllr eq~l(]tion of rtlotlol~ 0( an idc(llilwl bubble, Pirjanlchrllctoglu

and ?~clson 1161 wcr(’ ahlv to show tll,lt tllc ,Ihcvc rvqtlirrnlctlt is Silti5fi(!d durit~g trdllsicn[

4
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The change in liquid-layer thickness as a result of hydrodynamic instability and

evaporation.

boiling. In this liquid layer thinning model, theswitchover point, B, between thetwomech-

anisms may be calculated by setting the slopes of evaporation and hydrodynamic instability

lines equal, such that:

(rM,. /’dq) (dq’d) = q ‘J~(fJ . (6)

Using Eq, (2), which relates the critical liquid-layer thickness to the surface heat flux, the heat

flux at the switchover point may be calculated as

!/B “ !2fl(J’)/2(r) (dq/d~)q-:ql; ! ~ ! (7)

which may be written in the following form:

qti 2 J~#!lc”!l F,s.v,i)f) , (H)

In Eq. (8), IJ, is a parameter that determines the switchover between the two mechanisms

and is obtained by using Eqs. (1) and (3) as follows:

[{
,1

,C !~r,/(~q’’~~),/ ,/,. ‘q( ‘1//’,, %’,s,()() 4 . (9)

If IJ,,, is Icss than or equal to 1, ttw dccrcnse in the liquid layer is controlled by evaporation

alone, I-fowcvcr, if Ii, is greater than 1, the cflcc, t of the hydrodynamics on ~he dccreilse of

Iiqiiid Ii]yer tlll~,kncss tllust I)c inc,ludrd ill tllc i]ll.~ly~is, On(e tllc surface heal flux is known as

5



a function of time. the switchover heat flux, qn, may be calculated through Eqs. (8) and (9).

Hence. the transient CHF may be predicted through the following integrals:

and

~IHF.T::

(b. ):: ~C,o lqif2(J’)’dl. if B, < ] , (11)
i,.H~..-

In Eqs. (10) and (11), h,..,-,is the maximum liquid layer thickness at steady-state CHF level

dictated by Helmholtz instability, It is given by Eq. (l), in which the heat flux, q, is replaced

by the steady-state CHF, qcHF,S.K.~(J.

If the surface heat flux is known as a function of time, Eqs. (10) and (11) may be

integrated. For example, if the surface heat flux increases linearly. it may mathematically be

expressed as:
q(f) ‘: q, “+(dq/d)i . (12)

For such a linear increase, it can be shown ~l?] that Eqs. (10) and (11) may be integrated to

yield

q - ~1 H(BF - 1); (1 -- B:): +IH(J?F - l)j(\6@) , (13)

/1 (11.. 1) is the Hcavyside step function and }1.. is the switch-over parameter given by Eq. (9).

Similarly, if the surface heat flux increases exponentially according to

Eqs. (10) and (11) may be integrated to yield 117]

where the switcl~-over parameter Zj, becomes

/).. (2rJ/’T) ‘ , (Ii)

In Eqs, (13) and (16), the Hemryside step functions iden(ify the dif7erent thinning nlech-

anisrns for the liquid layer. In exponential transients, for instance, the existence of each

mechnnism depends upon the magnitudes of the hovering period, 7,1, and the exponential pe-

riod, i . As shown in Fig, 3, a mechanism nl;]p may be obtained by plotting Eq, [17), The

lmundnry of the two mechanisms shown in Fig, 3 is obtained by setting 1~,, equal to unity in

Eq, (17),

G
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The mechanism map for liquid-layer thinning.

Tne use of Eqs, (13) and (16) further requires the quantitative knowledge of the steady-

state hovering period, ~~, This may be analytically obtained by solving the equation of motion

of an idealized bubble, as done by Haramura and Katto [11]. The resulting correlation for ~d

is given in Appendix A. A plot of this correlation at steady-state CHF level as a function of

the system pressure and tbe heater geometry is shown in Fig, 4, The correlations given by

Haramura and Katto are used to estimate the CHF needed to obtain these plots, Figure 4

shows that for heaters of small diameter, the hovering period remains almost constant over

a wide range of the system pressure. This result is expected because the experimental d~ta

of Sakurai and Shiotsu [8] show that the CHF ratio, q, is almost Independent of the system

pressure over a pressure range between atmospheric and 2 MPa.

IV, CONDUCTION WITHIN THE HEATER

The transient CHF correlations developed in the previous section are based on the rate

of change of the local heat flux, During power transients, however, the rate of change of

the heat-generation rate is often the controlled parameter, and it is usually directly measured

or calculated, Therefore, in order to use the above CHF correlations, a relation between

the heat-generation rate and the surface heat flux must be established. In this section. the

transient conduction problem of a cylindrical heater in a pool of liquid is considered. 1 he

heat-generation rate is assumed to increase exponentially accol ding to:

Q(I) Q, exp ((,f~) , (18)

7
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The bubble-hovering period as a function of heater geometry and pressure.

Neglecting the temperature variations in the axial and circumferential directions, the

energy equation becomes:

(19)

subject to the following boundary conditions:

i7T
at r =--0, —. ~

dr””
(20)

c?T
and. at T T= I?. T = Tu, (or. ~; .= }l(.’TU - T,af ’), (21)

The difficulty in obtaining an exact solution to Eq, (19) arises because of the boundary

condition given by Eq, (21). In this equation, both Tut and h .are functions of time and must

be supplied from the solution of the conjugate convection problem, It can be shown 117] that

the surface heat flux may be approximated through a simple relation as

q(/) ‘“” :qQ(/) . (22)

if the following conditions are satisfied: the heater has (1) a high thermal conductivity k,

(2) low heat capacity p~”,,. and (3) small radius h’, (4) the surface convective heat-transfer

8
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coefficient h,. is high, and (5) the exponential period 7 is not very small, This relation is referred

to as quasi-steady conduction model. For electrical heaters, Sakurai and Shiotsu [7, 8] and

Serizawa [9] experimentally showed that Eq. (22) may accurately predict the surface heat flux

between tc,H}.,,~m~ and t(.HF,T}) in many instances. However, the boiling curves ob’ained in the

same studies suggest that two other conduction models may also be observed under certain

conditions. The different boiling curves dictated by various conduction models are shown in

Fig. 5. Figure 5a corresponds to quasi-steady conduction model given by Eq, (22). The boiling

type of Fig, 5b is observed if the convective heat-transfer coefficient is not high enough, in

which case most of the generated heat may not be convected away and remains stored in the

tl~ater, Under these conditions, the quasi-steady conduction model will overpredict the surface

heat flux. On the other hand, if a sudden increase in ht. occurs (for instance, right after the

initiation of boiling), there may not be enough heat generated and conducted to the surface

to compensate for the suddenly augmented convection. Thus, some of the previously stored

energy starts being convected away, which results in a decrease of the surface temperature as

shown by Fig, 5c. lJnder these conditions, the quasi-steady conduction model will underpredict

the surface heat flux, Hereafter, the boiling patterns shown in Fig, 5a, 5b, and 5C are referred

to as types /, //, and ///, respectively, Since type-/ boiling is experimentally observed more

often than the other two, the transient CHF correlations are coupled with the quasi-steady

conduction model for comparison with the data.

V. COMPARISON W!TH DATA

In this section, the present theory is compared to data from the experiments of Sakurai

and Shiotsu [8], Kuroda (as cited by Serizawa [9]), Tachibana et d, i41, Sakurai et at, [5] and

9



Kataoka et al. [10]. Equations (13) and (16) are used to calculate the CHF ratio, q, To obtdin

the corresponding transient CHF, the computed values of q are multiplied by Lhe steady-

state CHF measured in the experiments. Such an approach is preferred because thu primary

purpose of the present study is not to evaluate the steady-state CHF correlation:;, but to

develop a transient CHF model. In the experiments wi~h cylindrical heaters. the measured

steady-state CHF values were very close to the values oredicted by the available correlation

[11, 18]. However. in the experiments of Tachibana et al. [6] and Sakurai et a/. [5] with

flat-ribbon heaters, the predicted values were much smaller Lhan the Ineasured values.

Figures 6--9 show the comparison of Eq. (16) with the data of Sakurai and Shiotsu [8]

at various pressures. In these experiments, Sakurai and Shiotsu [8] used a horizontal wire

of 1.2 mm in diameter. The power was increased exponentially according to Eq. (18). The

comparisons are quite successful for high pressures with the data slightly overpredicted for

lower values of ~, The following factors must be considered to improve the predictive capability

of the present theory:

1. The quasi- cteady conduction model may not be accurate especially for very small

values of the exponential period, ;. In such cases, better coupling is necessary

between the conduction and convection fields.

2. The idealized bubble assumption may yield some error in predicting the hovering

period. Even a small error may be very important in boiling with very small values

of?,

As shown in Figs, 6 and 7, for pressures of 0.196 and 0.101 MPa, the present theory

overpredicts the data for values less than 50 ms. This is expected, since Sakurdi and Shiotsu

[8] observed that In these experiments at low pressure and small exponential period boiling

pattern of type-n is present. In Figs, 6-9, the dotted line represents the case i~ which the

liquid layer thinning is due to evaporation alone, as suggested by Serizawa 19], As shown in

these figures, for small values of r this thinning model yields considerable error,

Figure 10 shows the comparison of the present correlation with the data of Kuroda (as

cited by Serizawa [9]) The results arc the same as the results of the comparison with the

data of Sakurai and Shiotsu [8] sin:e the same experimental setup was used, In the same

figure, the present theory is also plotted using a value for the hovering period 10% less th~n

the predicted value from Append’x A. This illustrates the effect of the accuracy in predicting

the hovering period,

The present theory is a!so compared to the data of Tachibana et al. [4] as shown in

Fig, 11, In this experiment, flat-ribbon heaters were used. The heat generation rate per unit

surface area was increased linearly. Thus, assuming that the quasi-steady conduction model

IS valid, Eq, (13) is used to evaluate r) However, the cxpcrirnental observations of Tachibana

et a/. [4] show that the surface heat IIUX dots not increase Iincarly as the heat gcmcratlon

rate per unit surface atea does and that riq dl is greater tha:} rl<~,. 1dl after the initiation of

boiling. The expcrinwntal study of K~wi]tllur~ e( a/, IL] was very similar to the cxpcrirllent of

Tachibana et al 171 Thus, the resul[s as conll~iircd to the present theory arc the same

Fig

are

tll(?

The data of” S;kurai et ~1, [5] arc ,)Iso c.olllpi~r~d to th(’ present correlation, as shown ir~

12, In this crnperimcnt, flat ribbon hratcrs of very small geometry ((), I I 2,L . IT) mm)

used, Since the unstable T~ylor wilv(~l~tlgth is Ii]rgt?r than the longest hei]tcr dinmn~ion,

geometry eflects become dominant iII)d the lly(lro(lyrlatlli~s bccomc very c,olnplcx ?l~v

1()
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experiments were simulating exponential power increase: therefore, Eq. (16) is used to calcu-

late q. As shown in Fig. 12, the present theory is only good in predicting the general trend of

the data, Various factors caused by the flat-ribbon heater geometry that affect the results of

the present theory may be summarized as follows.

1, The hydrodynamics of boiling with flat-ribbon heaters is not well known. An equiv-

alent diameter approach described in Appendix A for predicting the bubble-hovering

period may not be accurate The same i~pproach yields poor prediction of even the

steady-state CHF as reported by Haramura and Katto [11]

2. Flat-ribbon heaters used in the above experiments have the broad heat-transfer sur-

face oriented vertically. In such geometry. especially for very small heaters. an

assumption of no liquid supply during the hovering period may not be very realistic,

Also, for horizontal cylindrical heaters of small length, the liquid supply mechanism

may be important.

3, It is also interesting to note that in both experiments ]4, 5], the measured values of

the steady-state CHF wpre about 50*/o lower than the values predicted by using the

availablt correlations [11, 18]. It is likely that the experimental results are altered

by the end effects.

The experimental setup of Kataoka et a/. 19] was designed to study the transient CHF

during forced convective boiling. In this setup, which consists of a vertical wire placed in a

vertical flow channel, Kataoka et a/, [9] also obtained a set of data with zero flow and zero

subcooling. The comparison of the present theory to this set of data is shown in Fig, 13,

The applicability of the present theory to this specific situation is questionable because of

the vertical heater geometry. The use cf the Taylor instability wavelength and the estima-

tion of the hovering period based upon an idealized bubble equation of motion may be very

approximate wi:h this geometry. However, Kataoka et a/, 19] were able to correlate their

zero-flow-zero subcocling CHF d~ta using Zuber’s [12] saturated pool boiling correlation with

Kutadelatze’s 119] constant. This suggests that the boiling configuration with a vertical heater

may be very similar to the configuration with horizontal heater The present theory overpre-

dicts the dat,~ at 0,14.3 MPa This is because of type II boiling present at this low pressure

At 0,594 MPti, the comparison between the present theory and the data is exceptionally good.

VI. SUMMARY AND CONCLUSIONS

In this study, a theoretical prediction oft hc CHF (.f:lring power transients in saturated pool

boiling is presented. A general ltansient CHF model is developed, In this model, the Iiquld

layer thinning at hcilt fluxes in excess of the steady state CHF is formulated as caused by either

the hydrodynamic or the thermal mcchtinism The switch-over between the two mechanisms

is graph ic~tly illustri~ted, A rcpresant(]tivc nlcchilrlism milp for exporrcrrtiirl tri~nsicnts is i]lso
shown in the ~)a~)et,

Based upon ttlls general model, clowx-fmm correlations 10 predift the trirnslunt CHF

in cxporlcntiilt and Ilncar trilnsients arc ohtaincd TIN! cflcct of ttw conduction wltllil~ tll(

Imtiter on the present theory is also incllldcd, Using the qtji~si stcody cond~lct ion niod~’1,

the theory is compared with the dati] quotod in thr irltcrnationnt literature, It is ohscrvwl

that the con~p,lrtsotl {or horizonti)l ( ylindti~itl Iw,ltrrs irt hlgt) prcs$ures is quite f.nvor,lbl[’, At

lower prossurp, the diSLrcpilflCy is tllollRlll to ,Irisv I)c( ,Illso of tllr itlild~qllil(y of lIIv qll,lsl

~t~,]dy COI)dii( t ion i~~sllll~l)llofl Altllo(lgl~ s.11(.((’~sf(ll ill I)t[’[i:t lIt Ip, II}(I ~(~11(’ri)l ttt’tl(l, tl~t~ Illvory
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resulted in a higher discrepancy when compared to CHF data from flat ribbon heaters. Various

reasons for this discrepancy are summarized. Among those. the most Important is thought

to be the unknown hydrodynamics of flat-ribbon heaters.

In this paper. for the first time in the open literature. the effect of hydrodynamic thin-

ning mechanism on the transient CHF is discussed, Its importance is shown through data

comparison. An improvement in the predictive capabilities of the present theory is possible if

(1) the hydrodynamics of flat-ribbon heaters are better known, (2) a better coupling between

the heat-generation rate and the surfdce heat flux is established, and (3) the bubble-hovering

period is better estimated,
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APPENDIX A

BUBBLE HOVERING PERIOD IN SATURATED POOL BOILING

In this appendix, the equation given by Haramura and Katto [11] to estimate the hovering

period is summarized. This equation is obtained by solving the equation of motion of an

idealized bubble ~20]. The summary includes the cylindrical heater geometry only. Haramura

and Katto [11] formulated the hovering period in the following form:

where 111is the volumetric growth rate of the bubble and is the volumetric ratio of the accom-

panying liquid to the moving bubble. The term : is taken as }}, by Haramura and Katto.

For cylindrical heaters, the heater area contributing to o)~e vapor jet is nd~~, and the

volumetric grow rate of the bubble is

where ~~, is the modified unstable Taylor wavelength. It is modified to include the additional

effect of the surface tension along the curvature, and is given by

In the present study, the hovering period needs to be estimated at steady-state CHF level.

Thus, q in Eq, (A2) must be replaced by q(.l/l.’,,s.~,()(~.

For flat-ribbon heaters, a simple approach to estimate the hovering period is suggested

by Haramura and Katto [11], whelc th~ above procedure is followed after replacing the heater

diameter by an equivalent diameter, d,, given by

(A4)

l-f



APPENDIX B

THE EFFECT OF VAPOR ACCELERATION ON THE LIQUID LAYER THICKNESS

Assuming that the quasi-steady approach may be used to determine the Helmholtz in-

stability wavelength, ), J], the theoretical wave velocity equation at the vapor/liquid interface

may be written as

(B])

Using the continuity and heat-balance eq ~tions, it can be shown [11] that the liquid velocity,

UJ, is much smaller than the vapor velot u,,. Thus. solving for the wavelength, A. which

corresponds LO a zero wave velocity, c, the Iielmholtz instability wavelength may be obtained

as

032)

However, when the surface heat flux is a function of time, the vapor velocity becomes time-

dependent. It is related to the surface heat flux by means of the energy balance as follows:

[,133)

Therefore, under transient heat-flux conditions, the inlet vapor velocity at the vapor stems is

different from the exit vapor velocity. As long as the liquid layer is thin, the exit velocity may

be expressed in terms of the inlet velocity as follows:

(1)4)

where VU(( t 4/) is the inlet velocity, Uv(l) is the exit velocity, and 4 is the Iiquid-layer

thickness, Eq, (B4) is correct for a constant acceleration (for linearly increirsing surface

heat flux), For time-dependent accelerirtion (for exponentially incretising surface heat flux,

for instance), Eq. (B4) represents the Taylor series ~pproximation for small hj’u~, “ur an

exponential transient, Eq, (B4) may be written as

1/,, (/ , M)
h

t/,,(/) , , , (/1!’;)

where I is the cxponcrlti,ll period, H,}ri]nl~lrit iln(l K,ltto [1 1]assumed thnt the maximum ~ti]l)l~

magnitude of tlw Iiquld Iilyer thickm?ss is ir qu~rtcr of ttw Helmlmltl instability wavchmgth iJs

given by Eq, (1) ill the text, In tlw prcscnl ~tlldy, it is assumed thtit the system responds

very qui( kly 10 the trt~nsient. Tlmrcforo, ttw vopor velocity nt thu ir:let of the vapor stems

is used to cw,llut]to

hand, Ior ir systcm

the Hclmholt/ w,w(?loflgth, wilich is rcfcrrcd 10 as ~11, trll,l, Ofl ltl(” Otlwr

respotlding very %Iowty, tltc cait velocity, tI{, (l), must bc IJd to mulluiltt’
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.~Jf. This determines the upper limit of AH and IS called ~H,mQ.. Using Eqs.
,.

the following relation between ~~,mln and A l{,,,.,., may be obtained:

132)and (63),

(h’(i)

Equation (66) suggests that the difference between ~H,wll. and ~M,~a, becomes Important

as the term 7u~(I) becomes small, The minimum value of u ~ IIsed i“ .he present study is the

one corresponding to the steady-state CHF at atrr,ospheric pressure. The minimum magnitude

of practical interest for 7 is 5 ms. Even for these extreme cases, t+e soiution of Eq. (66)

yields a difference of less than l% between the upper and lower limits of J}], Therefore, it is

xp~cted that estimating the liquid-layer thickness through a quasi-steady approach must be

reasonably accurate.
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